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SPECIFICATION 
GENE THAT IMPARTS SELECTIVE PROLIFERATION ACTIVITY 
Technical Field 

The present invention relates to the field of genetic 
engineering , particularly the field of gene therapy. 

Background Art 

Various methods have so far been devised to treat diseases 
; caused by congenital or acquired genetic defects, namely , gene 
disorders. In gene therapy, one such method, a defective gene itself 
is substituted by or supplemented with a normal gene in order to 
fundamentally cure gene disorders. It is important for the success 
of gene therapy to introduce a normal gene accurately into target 
cells and to express the introduced gene accurately. The 
conventionally used vectors for introducing a normal gene into target 
cells are viral vectors such as retrovirus vectors , adenovirus vectors , 
and adeno-associated virus vectors , and non-viral vectors such as 
liposomes. However, all have some shortcomings such as low gene 
introduction efficiency into target cells. Furthermore, they are 
often inadequate for treatment because of additional disadvantages 
such as poor expression efficiency of an introduced gene. in 
adenosine deaminase (ADA) deficiency, the normal ADA gene-introduced 
cells are expected to acquire a survival advantage or a growth 
advantage and gradually become dominant as a result of in vivo 
selection. In such a case, it may be possible to obtain gradual 
treatment effects despite the poor gene introduction efficiency. 
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However, it is often necessary to introduce a gene for treatment that 
cannot be selected in vivo. It has thus been desired to establish 
a system that enables selective amplification of cells containing 
an introduced gene. 

Although G-CSF was traditionally considered as a cytokine (a 
hematopoietic factor) that selectively proliferates neutrophils, it 
has recently been reported that the administration of G-CSF increases 
not only neutrophils but also the hematopoietic stem cell /precursor 
cell pool in the body (Rinsho Ketsueki (Clinical Blood), 35, 1080 
(1994)). The mechanism of manifestation of the G-CSF function has 
been reported to be dimerization of a G-CSF receptor that takes place 
upon activation of the G-CSF receptor by stimulation with G-CSF (Proc. 
Growth Factor Res . , 3 (2), 131-141 (1991)). It has also been reported 
that the G-CSF receptor has a proliferation-inducing domain and a 
differentiation-inducing domain (Cell, 74, 1079-1087 (1993)). 
Moreover, like the G-CSF receptor, an estrogen receptor is known to 
be activated through dimerization (J Biol. Chem., 264, 2397-2400 
(1989)), and there is a report that expression of a fusion protein 
between the estrogen receptor and c-Abl tyrosine kinase in the cell 
resulted in activation of the c-Abl tyrosine kinase (The EMBO Journal, 
12, 2809-2819 (1993)). 

Disclosure of the invention 

The present invention seeks to overcome the problem of poor 
gene introduction efficiency by selectively amplifying in vivo or 
ex vivo hematopoietic stem cells into which a gene for treatment has 
been introduced. The objective of the invention is to provide a 
fundamental technique for gene therapy targeting hematopoietic stem 
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cells. 

In the field of gene therapy today , there are numerous problems 
to be overcome concerning the efficiency of gene introduction into 
target cells and the expression efficiency of the introduced gene* 
It is therefore obvious that establishing a system for selectively 
amplifying only the target cells containing the introduced gene will 
produce a major breakthrough. In particular if such a system is 
established for hematopoietic stem cells, which are the origin of 
many blood cells such as red blood cells or white blood cells and 
which are considered to be the most preferable target cells for gene 
•therapy, it would contribute significantly to the field of gene 
therapy . 

G-CSF, which was traditionally thought to be a cytokine (a 
hematopoietic factor) that selectively proliferates neutrophils, can 
also proliferate hematopoietic stem cells . The G-CSF receptor 
dimerizes itself when it is activated. Considering these facts, the 
present inventors have thought of a system for amplifying 
hematopoietic stem cells through dimerization of a genetically 
engineered G-CSF receptor. Also based on the fact that the estrogen 
receptor dimerizes itself upon stimulation with estrogen, the present 
inventors have thought of constructing a chimeric gene between the 
G-CSF receptor gene and the estrogen receptor gene, introducing the 
chimeric gene into cells, and externally stimulating the cells by 
estrogen to forcibly dimerize the G-CSF receptor portion of the 
chimeric gene product. 

Thus, the present invention was completed by developing a new 
system for selectively amplifying hematopoietic stem cells into which 
a gene has been introduced by activating the G-CSF receptor portion 
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of the chimeric gene product through external stimulation with 
estrogen, so as to apply this system to the field of gene therapy. 

The present invention relates to a fusion protein comprising 
a ligand-binding domain, a domain that associates when a ligand binds 
to the ligand-binding domain, and a domain that imparts proliferation 
activity to a cell upon the association; a vector comprising a gene 
encoding the fusion protein; a cell containing the vector; and a method 
for selectively proliferating the cell either in vivo or ex vivo by 
exposing the cell to a steroid hormone. Furthermore, when the vector 
contains an exogenous gene, the present invention relates to a method 
*for selectively proliferating a cell into which the exogenous gene 
has been introduced. 

More specifically, the present invention relates to: 

(1) a fusion protein comprising, (a) a ligand-binding domain, (b) 
a domain that associates when the ligand binds to the domain of 
(a), and (c) a domain comprising a cytokine receptor or a part 
thereof that imparts proliferation activity to a cell upon the 
association; 

(2) the fusion protein of (1), wherein the "domain comprising a 
cytokine receptor or a part thereof that imparts proliferation 
activity to a cell upon the association" is derived from a G- 
CSF receptor; 

(3) the fusion protein of (1), wherein the "ligand-binding domain" 
is derived from a steroid hormone receptor; 

(4) the fusion protein of (3), wherein the steroid hormone receptor 
is an estrogen receptor; 

(5) a vector comprising a gene encoding the fusion protein of (1); 

(6) a cell carrying the vector of (5); 
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(7) a method for selectively proliferating the cell of (6), which 
comprises exposing the cell of (6) to a ligand capable of acting 
on the "ligand-binding domain" of the fusion protein of (1); 

(8) a vector comprising a desired exogenous gene and a gene encoding 
a fusion protein comprising (a) a ligand-binding domain, (b) a 
domain that associates when the ligand binds to the domain of (a) , 
and (c) a domain that imparts proliferation activity to a cell 
upon the association; 

(9) the vector of (8 ) , wherein the "domain that imparts proliferation 
activity to a cell upon the association" is derived from a cytokine 
receptor; 

(10) the vector of (9), wherein the cytokine receptor is a G-CSF 
receptor; 

(11) the vector of (8) , wherein the "ligand binding domain" is derived 
from a steroid hormone receptor; 

(12) the vector of (11), wherein the steroid hormone receptor is an 
estrogen receptor; 

(13) the vector of (8), wherein the "gene encoding a fusion protein" 
and the "exogenous gene" are located on the same molecule; 

(14) the vector of (8) f wherein the "gene encoding a fusion protein" 
and the "exogenous gene" are located on separate molecules; 

(15) a cell carrying the vector of any one of (8) to (14) above; 

(16) a method for selectively proliferating the cell of (15), which 
comprises exposing the cell of (15) to a ligand capable of acting 
on the "ligand-binding domain" of the fusion protein encoded by 
the gene contained in the vector of (8); and 

(17) a kit comprising (a) the vector of (5) or (8), and (b) a ligand 
capable of acting on the "ligand-binding domain" of the fusion 
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protein encoded by the gene contained in the vector. 

Any ligand can be used in the present invention as long as it 
acts on a specific protein to cause association of the protein, but 
a steroid hormone is preferable. Examples of the steroid hormone 
include estrogens, androgens, progesterone, glucocorticoids, and 
mineral corticoids. They are used in combination with their 
respective receptor proteins . Any cytokine receptor can also be used 
in the present invention as long as it imparts proliferation activity 
to a cell upon association. Examples of the cytokine receptor are 
those belonging to the cytokine receptor family including G-CSF and 
* those belonging to the tyrosine kinase receptor family including c-kit 
and flk2/flt3. 

As the "domain which imparts proliferation activity to a cell" 
of the fusion protein according to the present invention, it is 
possible to use a molecule that transmits the intracellular 
proliferation signal, for example, an entire molecule of a cytokine 
receptor. It is also possible to use only a domain in the molecule 
that imparts proliferating activity to a cell. The latter approach 
is advantageous in proliferating the cell as it is because the domain 
proliferates the cell into which the fusion protein-coding gene has 
been introduced without differentiating it. Furthermore, the vector 
used in the present invention includes not only a single vector 
molecule containing the fusion protein-coding gene and a single vector 
molecule containing the fusion protein- coding gene and the exogenous 
gene, but also includes a vector system of multiple vector molecules 
comprising a combination of a vector containing the fusion 
protein-coding gene and a vector containing the exogenous gene, for 
example, a binary vector system. Such a vector system of multiple 
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vector molecules is usually introduced into a cell by co- 
transformation . 

When a gene encoding the fusion protein and an exogenous gene 
are inserted into the same vector, they may be made into a dicistronic 
form containing an internal ribosome entry site (IRES) (published 
PCT Application in Japan No. Hei 6-509713). For example, it is 
possible to use a vector having a structure containing, from 5' to 
3 ' , a promoter, an exogenous gene, IRES, and a gene encoding the fusion 
protein or a vector having a structure containing, from 5 'to 3', a 
promoter, a gene encoding the fusion protein, IRES/ and an exogenous 
*gene. The former type is generally used to allow most of the cells 
expressing the fusion protein gene to express the exogenous gene. 

Moreover, in the present invention, the cell into which the 
vector is introduced includes hematopoietic stem cells, lymphatic 
cells, and cells other than these blood cells. in particular, 
hematopoietic stem cells that can self-proliferate are preferable 
in the present invention. Although the exogenous gene to be 
introduced into the cell in the present invention is not particularly 
limited, a normal gene corresponding to a defective gene is generally 
used in the field of gene therapy* 

Brief Descriptio n o f t he .Drawings 

Fig. 1 (A) shows a chimeric molecule between the G-CSF receptor 
and the estrogen receptor (GCRER) . (B) shows a mutant of the chimeric 
molecule between the G-CSF receptor and the estrogen receptor, 
deficient in the 5th through the 195th amino acids of the G-CSF 
receptor (GCR A ( 5-195 ) /ER) . (C) shows a mutant of the chimeric 
molecule between the G-CSF receptor and the estrogen receptor, 
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deficient in the 5th through 195th amino acids and the 725th through 
756th amino acids of the G-CSF receptor (GCRA (5-195, 725-756)/ER) . 

Fig. 2 shows a retrovirus vector "pMX" in which a chimeric gene 
between the G-CSF receptor and the estrogen receptor has been 
incorporated. 

Fig. 3 shows proliferation of the Ba/F3 cells transformed with 
"pCMX-GCRER" with the passage of time. 

Fig. 4 shows proliferation of the Ba/F3 cells transformed with 
"pCMX-GCRER" with the passage of time; the cells were stimulated with 
various concentrations of estradiol. 

Fig. 5 shows proliferation of the Ba/F3 cells transformed with 
"pCMX-GCRA (5-195 )/ER" with the passage of time. 

Fig. 6 shows plasmid "pCMX-GCRER-IRES-CD24 . " 

Fig. 7 shows plasmid "pCMX-GCRA (5-195 ) /ER-IRES-CD24 . " 

Fig. 8 shows plasmid "pCMX-GCRA (5-195, 725-756 ) /ER-IRES- 

CD24." 

Fig. 9 shows the expression of CD24 in the Ba/F3 cells into 
which "pCMX-GCRA ( 5-195 ) /ER-IRES-CD24 " has been introduced , detected 
by flow cytometry. The upper panel shows the results from the Ba/F3 
cells into which "pCMX-GCR A ( 5-195 ) /ER-IRES-CD24" has been 
introduced; the lower panel shows the result from the Ba/F3 cells 
into which "pCMX-GCRA< 5-195 )/ER" has been introduced as a control. 
(Note that the data also contain the signal from propidium iodide 
that was used to detect dead cells.) 

Fig. 10 is a microscopic photograph showing granulocyte- 
macrophage lineage colonies derived from bone marrow cells into which 
"vMXGCRER" has been introduced. 

Fig. 11 is a microscopic photograph showing erythroblastic 
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colonies derived from the bone marrow cells into which "vMXGCRA 
(5-195 )/ER" has been introduced. 

Fig. 12 is a microscopic photograph showing the Wright- 
Giemsa-stained macrophage which have differentiated from the bone 
marrow cells into which "vMXGCRER" was introduced. 

Fig. 13 is a microscopic photograph showing the Wright- 
Giemsa-stained erythroblasts which have differentiated from the bone 
marrow cells into which "vMXGCRA ( 5-195 ) /ER" was introduced. 

Best Mode for Implementing the Inventipn 
^Example 1 Constructing the chimeric G-CSF receptor/estrogen 
receptor gene (a selective amplification gene) 

In order to produce a chimeric protein comprising the entire 
G-CSF receptor and the ligand (estrogen) -binding domain of the 
estrogen receptor (hereafter designated simply as "GCRER" ) , the 
fusion gene having cDNAs that encode the respective proteins (Fig. 
1(A)) was constructed. Next, a mutant of the fusion gene, "GCRER," 
which is deficient in the 5th residue, Glu, through the 195th residue, 
Leu, of the G-CSF receptor extracellular domain (hereafter designated 
simply as "GCRA ( 5-195 ) /ER" ) was consturcted, in order to produce a 
chimeric protein that lacks reactivity against G-CSF (Fig. 1(B)). 
Further, a. mutant was constructed by deleting a portion containing 
the differentiation-inducing domain (725-756) of the G-CSF receptor 
from the mutant (hereafter designated simply as "GCR A (5-195 , 
725-756)/ER") (Fig. 1(C)). 

Example 2 Isolation of Ba/F3 cells into which was introduced the 
chimeric G-CSF receptor/estrogen receptor gene, which is a selective 
amplification gene 
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The three kinds of selective amplification genes prepared in 
Example 1 were introduced into plasmid "pCMX" (Cancer Res. 56:4164 
(1996) ) . Ten jug each of the resulting plasmids were introduced into 
the Ba/F3 cell, which is an IL-3 -dependent cell line, together with 

I ju g of the Scal-linearized "pSV2bsr" (Kaken Pharmaceuticals) 
carrying a blasticidin resistance gene, by electroporation . After 
the electroporation, the cells were distributed into 24-well plates 
at 5 x 10 s cells per well, and cultured in a medium containing 10 
//g/ml of blasticidin. Proliferation of blasticidin resistant cells 
was observed in 11 out of 17 wells where "pCMX-GCRER" was introduced, 

*in 3 out of 29 wells where "pCMX-GCRA (5-195 )/ER" was introduced, and 
in 52 out of 52 wells where "pCMX-GCRA (5-195, 725-756)/ER" was 
introduced. After allowing these blasticidin resistant cells to 
proliferate in individual wells with IL-3, the cells were cultured 
with 10" 7 M estradiol instead of IL-3. Proliferation of IL-3- 
independent and estrogen-dependent cells was observed in 7 out of 

II wells where "pCMX-GCRER" was introduced, in 3 out of 3 wells where 
"pCMX-GCRA (5-195 )/ER" was introduced, and in 13 out of 16 wells where 
"pCMX-GCR A (5-195, 725-756)/ER" was introduced. When a similar 
experiment was performed using, in place of "pCMX-GCRER, " a retrovirus 
vector "pMX" (Exp. Hematol. 24: 324 (1996)) into which "GCRER" had 
been inserted (hereafter designated simply as "pMX-GCRER" ) (Fig. 2) , 
proliferation of iii- 3 -independent and estrogen-dependent cells was 
observed in 2 out of the 24 wells each containing one cell. Also, 
when 1 nM G-CSF was added in place of estradiol to the cells into 
which "pCMX-GCRER" was introduced, those wells that showed G- 
CSF-dependent proliferation were the same as those that had shown 
estradiol-dependent proliferation. Moreover, when the Ba/F3 cells 
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containing no plasmid were used as a control/ neither G-CSF-dependent 
proliferation nor estradiol-dependent proliferation was observed. 
The production of the desired fusion protein in the cells was confirmed 
by western blotting using an anti-G-CSF receptor antibody or an 
anti-estrogen receptor antibody. 

Exa mple 3 Analysis of cell proliferation by estradiol 

Among the clones obtained by limiting dilution in Example 2, 
those showing good response to estradiol were selected and used in 
the following experiment (XTT assay) . 

The Ba/F3 cells into which "pCMX-GCRER" was introduced were 
•examined. There were IL-3 -independent cells that proliferated by 
stimulation with G-CSF or estradiol (Fig. 3 ) . Moreover, when the same 
experiment was done while varying the estradiol concentrations 
between 10" 14 and 10~ 7 M, cell proliferation was observed in the range 
from 1CT 9 to 10~ 7 M (Fig. 4). This result suggests that estradiol 
transmits the cell proliferation signal at the concentrations between 
10- 9 and l<r 7 M. 

The Ba/F3 cells into which "pCMX-GCR A ( 5-195 )/ER" was 
introduced were then examined. The results indicated that the cell 
proliferation by G-CSF stimulation was blocked and the estradiol 
stimulation alone caused cell proliferation (Fig. 5). 

Similarly, for Ba/F3 cells into which "pCMX-GR A (5-195 , 
725-756) /ER" was introduced, cell proliferation was caused by 
estrogen stimulation, but no response to G-CSF was observed. 
Example 4 Construction of the IRES-CD24 expression plasmid 

"PCMX-GCRER" was digested with Hindlll and EcoRI, and the vector 
fragment ("fragment 1") was recovered. Also, from "pCMX-GCRER" and 
"pCMX~GCRA( 5-195 )/ER," the Hindlll fragment ("fragment 2," 1672 bp) 
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and the Kpnl fragment ("fragment 3, " 1099 bp) , and the EcoRI fragment 
("fragment 4," 1888 bp) and the Kpnl fragment ("fragment 5," 1792 
bp) were recovered. PBCEC (pBluescript II KS ligated to IRES and CD24 
derived from EMCV, Migita, M. , Proc. Natl. Acad. Sci. USA 92:12075 
(1995) ) was digested with Apol, and the fragment containing IRES-CD24 
("fragment 6," 950 bp) was recovered. "pCMX-GCRER-IRES-CD24" (Fig. 
6) was constructed by ligating "fragment 1, " "fragment 2 f " "fragment 

4, " and "fragment 6." "pCMX-GCRA (5-195 ) /ER-IRES-CD24" (Fig. 7) was 
constructed by ligating "fragment 1," " fragment 3," "fragment 4," 
and "fragment 6." "pCMX-GCRA (5-195, 725-756 ) /ER-IRES-CD24" (Fig. 8) 

-was constructed by ligating "fragment 1," "fragment 3," "fragment 

5 , " and " fragment 6 . " 

Example 5 Intracellular expression of CD24 

After 10 7 Ba/F3 cells were washed twice with PBS and once with 
"OPTI-MEM1" ( Gibco-BRL ) , the cells were suspended into 0.2 ml of 
"OPTI-MEMl." Ten mg each of "pCMX-GCRER-IRES~CD24 , " "pCMX-GCRA 
( 5-195 )/ER-IRES-CD24," and "pMX-GCR A (5-195, 725-756 ) /ER-IRES- 
CD24" was added to the cells, and transformation was performed using 
"Gene Pulser" (BioRad) at 290 V, 960 mF. After the transformation, 
the cells were cultured for two days in the RPMI medium containing 
10% FCS and 10 U/ml mIL-3 (R&D SYSTEMS) . After 10 6 cells were washed 
with 5 % FCS/PBS, the cells were reacted with 1 mg/ml of the anti-CD24 
antibody (Pharmingen) for 30 minutes at room temperature. The cells 
were then washed twice with 5% FCS/PBS, reacted with a 1:20 dilution 
of the PE-labeled anti-mouse antibody (DAKO) for 30 minutes at room 
temperature, and washed again twice with 5% FCS/PBS. The cells were 
suspended in 1 ml of 5 mg/ml propidium iodide/PBS, and the CD24 
expression was analyzed by flow cytometry (Becton Dickinson) using 
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a 585 nm detector. The CD24 expression was detected from a number 
of the cells into which "pCMX-GCRA (5-195) /ER-IRES-CD24" had been 
introduced. In this experiment, the cells into which "pCMX-GCRA 
(5~195)/ER" was introduced were used as a control against the cells 
having "pCMX-GCR A (5-195) /ER-IRES-CD24" introduced. The results 
are shown in Fig. 9 and Table 1. Note that the data contain the signal 
from propidium iodide that was used to detect the dead cells. 

Table 1 



Introduced plasmid 


Anti-CD24 antibody 
(-) cells 


Anti-CD24 antibody 
(+) cells 


PCMX-GCRA (5-195) 


59.77 % 


40.23% 


/ER-IRES-CD24 






pCMX-GCRA(5-195) 


85.10 % 


14.90 % 


/ER 







Example 6 Progenitor assays 

5-Fluorouracil (5FU: Wako Pure Chemical Industries, Ltd.) in 
physiological saline (10 mg/ml) was intravenously injected into four 
6-week-old C57BL mice at a dose of 330 ml/mouse. Two days after the 
injection, bone marrow was collected from femurs, centrifuged (1,500 
rpm, 25 °C , 22 min) on "Lymphocyte-M" (Cederlane) to isolate 
mononuclear cells. The mononuclear cells were cultured for two days 
in the Iscove modified Dulbecco medium (IMDM; Gibco) supplemented 
with 20% FCS, 100 U/ml IL6, and 100 mg/ml rat SCF. On a CH296 (Takara 
Shuzo; Hanenberg, H. et al., Nature Med. 2: 876 ( 1996 )) -coated plate 
(1146; Falcon) 10 6 bone marrow cells pretreated with IL6 and SCF were 
suspended in a culture supernatant containing 10 8 of either the 
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retrovirus "vMXGCRER" (obtained in the culture supernatant of an 
ecotropic packaging cell line "GP+E-86" (J. Virol. 62: 1120 (1988)) 
and having "pMX-GCRER" incorporated therein) or the retrovirus 
"vMXGCRA ( 5-195 )/ER" (obtained in the culture supernatant of an 
ecotropic packaging cell line "GP+E-86" and having "pMX-GCRA (5- 
195)/ER" introduced therein). The cells were cultured in the 
presence of IL6 and SCF. The viral supernatants were replaced at 2, 
24/ 26, 36, and 38 hours. Twenty-four hours after the sixth viral 
supernatant replacement, the cells were transferred into a medium 
containing methylcellulose (IMDM, 1.2% methylcellulose 1,500 cp; 
Wako, 20% FCS, 1% deionized BSA, 10 mM 2-mercaptoethanol, 10" 7 M 
b-estradiol) at lOVwell. After culturing for 10 days, colonies were 
observed under the microscope. Smear samples were prepared and 
subjected to Wright-Giemsa staining to identify the cells. 

Among the bone marrow cells infected with "vMXGCRER" or "vMXGCR 
A ( 5-195 )/ER," granulocyte-macrophage lineage colonies and 
erythroblast lineage colonies , which had differentiated from the bone 
marrow cells by the estradiol stimulation, were observed. Fig. 10 
shows the granulocyte-macrophage lineage colonies derived from the 
" vMXGCRER" - in fee ted bone marrow cells by the estradiol stimulation; 
Fig. 11 shows the erythroblast lineage colonies derived from the 
"vMXGCRA (5-195 )/ER"- infected bone marrow cells upon the estradiol 
stimulation. When the cells constituting these colonies were made 
into smear samples and subjected to Wright-Giemsa staining, 
differentiated blood cell images were obtained. Fig. 12 shows the 
Wright-Giemsa stained image of the macrophage observed in the smear 
samples of the granulocyte-macrophage lineage colonies derived from 
the "vMXGCRER" -infected bone marrow cells; Fig. 13 shows the 
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Wright-Giemsa stained image of the erythroblasts observed in the smear 
samples of the erythroblast lineage colonies derived from the "vMXGCR 
A ( 5-195 )/ER"-infected bone marrow cells. 

Industrial Applicability 

The present invention has made it possible to selectively 
amplify a cell into which an exogenous gene has been introduced, in 
response to an external stimulus, thereby enabling effective gene 
therapy even when the introduction efficiency of the gene into the 
target cells is low. Furthermore, since the system for selectively 
• amplifying cells of the present invention can be applied to various 
blood cells, the range of cells targeted in gene therapy has been 
widened. Therefore, the present invention provides an important 
basic technology, particularly in the field of gene therapy. 



